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SUMMARY 
Heavy haul railway lines are important and expensive items of infrastructure operating in an environment 
which is increasingly focussed on risk-based management and constrained profit margins.   It is vital that 
costs are minimised but also that infrastructure satisfies failure criteria and standards of reliability which 
account for the random nature of wheel-rail forces and of the properties of the materials in the track.  In 
Australia and the USA, concrete railway sleepers/ties are still designed using methods which the rest of the 
civil engineering world discarded decades ago in favour of the more rational, more economical and 
probabilistically based, limit states design (LSD) concept.  This paper describes a LSD method for concrete 
sleepers which is based on (a) billions of measurements over many years of the real, random wheel-rail 
forces on heavy haul lines, and (b) the true capacity of sleepers.  The essential principles on which the new 
method is based are similar to current, widely used LSD-based standards for concrete structures.  The 
paper proposes and describes four limit states which a sleeper must satisfy, namely: strength; operations; 
serviceability; and fatigue.  The method has been applied commercially to two new major heavy haul lines in 
Australia, where it has saved clients millions of dollars in capital expenditure. 
 
1 INTRODUCTION 
Australia has a long and impressive history with 
heavy haul track and has been at the forefront of 
innovative design, practice, and materials for those 
tracks.   However, one area in which Australia and 
other countries have lagged behind is in design of 
the sleepers/ties in track.  Australian standard 
AS1085.14 [1], like the AREMA Manual of 
Engineering Practice [2], presents a design 
methodology which has been outdated in the rest 
of the civil engineering world since the 1980s.   
The methodology is based on a “safe-stress” 
approach which ensures that all stresses within the 
sleeper/tie do not exceed predetermined values 
known as maximum allowable stresses.  However, 
these are blanket values which take no account of 
the divergent effects of different load types, nor of 
the non-linear and random nature of those loads 
and of the materials used in sleepers and track.  
Furthermore, the methodology assumes that the 
interaction between vehicle, sleeper and ballast is 
essentially static; that is, it ignores the important 
dynamic interactions between these elements 
which can produce actions within the sleeper 
which are dramatically different from what the 
static assumption yields.   The net result of this 
simplistic safe-stress approach is that sleepers are 
almost always over-designed, with significant 
untapped reserves of strength and performance, 
and unnecessary costs to the track owner.    
2 NOTATION 
f’c: compressive strength of concrete 
ki: impact strength multiplying factor 
LSD: limit states design. 
MGT: million gross tonnes. 
M*: design bending moment on a cross section. 
Mu: ultimate bending strength of a sleeper. 
Ru: ultimate resistance of a sleeper (ie strength). 
S*: design action effect (ie applied loads). 
SG: gravity (dead) load on a sleeper. 
SQ: imposed (live) load on a sleeper. 
Su: extreme event load on a sleeper. 
TAL: tonnes axle load. 
WID: wheel impact detector, for wheel impacts. 
β: reliability index, regarding likelihood of failure 
γG: gravity (dead) load partial safety factor. 
γQ: imposed (live) load partial safety factor. 
ϕ: capacity reduction factor. 
3 THE CASE FOR A NEW DESIGN METHOD 
The unused excess capacity of sleepers can be 
illustrated by two examples in rail lines in the 
Hunter Valley in New South Wales, Australia and 
in the Pilbara in Western Australia. 
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In both lines many sleepers were installed over 30 
years ago, and were designed for around 20-25 
TAL (tonne axle load) and less than 50 MGT/a 
(million gross tonnes per annum).  However, those 
sleepers are now successfully carrying at least 30 
TAL and over 150 MGT/a.   
In the 1960s the wider world of civil engineering 
recognised the conservatism that is inherent in the 
safe-stress approach and so the concept of Limit 
States Design (LSD) was developed.  From 
around 1970 this new approach was adopted 
progressively by civil engineers world-wide.   
The LSD methodology is based on recognising 
that the real world is not the tidy deterministic 
scenario assumed by the safe-stress approach.  
For example, engineers now accept the very 
random nature of events such as floods, 
earthquakes, wind and rain storms, and “live 
loads” exerted by people, vehicles or other 
transitory causes.  One cannot predict when such 
events will occur nor how large they will be; one 
can only determine the probability that a given 
event will occur within a given time frame.  
Likewise, it is impossible to predict the strength of 
a structural element or system; instead, a designer 
can only specify a “characteristic strength” which is 
the strength likely to be exceeded by 95% (usually) 
of samples of the material or component [3]. 
LSD allows the engineer to manipulate these 
uncertainties to achieve an outcome which is 
consistent with sound, safe practice, and within a 
risk profile which is acceptable to the client.  The 
characteristics of each type of load applied, and of 
each type of material response, are utilised, with 
individual partial safety factors being applied to 
each [4].  LSD accommodates non-linear behav-
iour and accepts that failure cannot be prevented; 
instead, one aims to reduce the probability of 
failure to an acceptable level.  LSD enables the full 
capacities of the materials to be used, ensures 
application of realistic safety factors, and enables 
the risk profile (ie probability of failure) to be 
manipulated to suit the importance of the infra-
structure and of the consequences of its failure.  
For track owners, the most significant outcomes 
are that (a) new sleepers can be smaller, lighter 
and cheaper; and (b) that existing sleepers .can 
safely be re-rated to carry greater axle loads, 
higher speeds, and an increased traffic task. 
The European Union adopted a limit states design 
methodology for sleepers in its code EN13230 [5], 
unlike Australia and the USA which still use the 
safe-stress approach [1,2].  EN13230 requires 
designers to check that sleepers can satisfy three 
strength limits, which are to be verified by static 
and repeated load testing; namely: first-crack load; 
exceptional load; and ultimate load.   The code 
bases its limits and its testing requirements on 
what it calls the “design moment” which may be 
determined from UIC Code 713R [6]. 
Although the methodology laid out in EN13230 [5] 
is an important milestone in moving sleeper design 
into the 21
st
 century, it is applied in Europe almost 
exclusively to passenger and freight lines rather 
than heavy haul tracks.  Furthermore the 
determination of the design moment in UIC Code 
713R [6] is focussed heavily on simplistic static 
models of track behaviour and 
train/sleeper/substructure interaction, greatly 
diminishing the likelihood that real material and 
cost savings will accrue. 
There is a clear need for a comprehensive limit 
state design methodology which accommodates 
the unique demands of heavy haul operations and 
which lays out a distinct design path that will result 
in reliable and efficient risk-based design 
outcomes. 
4 WHAT IS THE STRENGTH OF A SLEEPER? 
The safe-stress approach does not focus on the 
real strength of a structural element like a sleeper; 
instead it focuses on limiting stresses to artificial 
maxima.  By contrast, with the LSD approach the 
engineer calculates the absolute maximum 
strength of the element, irrespective of what the 
stresses are; this absolute maximum is known as 
the “ultimate strength”.  Figure 1 shows the load-
deflection graph of a sleeper that has been tested 
in bending and illustrates the difference between 
the maximum safe-stress load and the ultimate 
load of the sleeper.  There are clearly great 
reserves of strength in the sleeper over and above 
the safe-stress limit.   
 
Figure 1 : Safe-stress Load vs Ultimate Load 
The Australian code AS3600 [7] provides a means 
of determining the ultimate bending strength of a 
concrete element, such as a sleeper.  The basis of 
the method is that the steel prestressing 
wires/strands in the sleeper are assumed to be 
stressed beyond their yield strength, and that the 
compression stress in the concrete in the sleeper 
is so large that the concrete is crushing.  This 
condition constitutes the definition of the ultimate 
limit state of strength in concrete elements.   
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An alternative means of calculating the ultimate 
strength uses an iterative approach to determine 
the strains in the concrete and each steel wire 
such that the principle of equilibrium is obtained in 
the cross section at the moment when the 
concrete crushes.  The ultimate strength of an 
element failing in bending is usually denoted as 
Mu, whichever method is used to calculate it. 
There is an additional consideration in this 
determination of strength, namely the “capacity 
reduction factor”, ϕ (Greek letter “phi”).  This factor 
is used to reduce the strength of the element for 
design purposes as shown in Equation 1: 
 Design bending strength = ϕ Mu  (1) 
The factor ϕ is where LSD begins to include risk-
management in calculations of strength, and it 
takes into account the following random features 
inherent in concrete sleepers: 
 Tolerances on sleeper dimensions mean that 
the size of the sleeper at any given cross 
section along the sleeper, is uncertain. 
 Tolerances on the position and diameter of the 
steel wires mean that their contributions to 
sleeper strength are uncertain. 
 The strengths of the concrete and of the wires 
vary randomly (recall that one can only specify 
their characteristic strengths) so that their 
contributions are uncertain. 
 Failure of a sleeper is highly dependent upon 
the point at which the concrete begins to 
crush, which is itself uncertain. 
The Australian code for reliability of structures, 
AS5104 [8], lays out the basis for determining the 
reliability of structural elements.  The code 
requires those who develop factors for LSD to 
ensure that the reliability index β of the element 
and/or system is not less than a value appropriate 
to its end-use. The index β is calculated with due 
consideration to both the likelihood and 
consequences of failure of the element.   
The writers of the concrete code AS3600 [7] 
adopted a formula for calculating ϕ which ensures 
that the value of β for concrete elements such as 
sleepers satisfies the reliability requirements of 
AS5104.  That ϕ formula can be found in Table 
2.2.2 of AS3600 and is used in determining the 
design strength of sleepers.   
5 WHAT ARE THE LOADS ON A SLEEPER? 
The principal condition for the LSD method for 
structural elements is given in Equation 2: 
 S* ≤ ϕ Ru (2) 
S* is known as the “design action effect” and 
represents actions in an element which are caused 
by the design loads; Ru is the generic term for the 
ultimate strength of the element in bending, shear, 
compression or tension. 
The time-honoured way of determining design 
loads for a concrete sleeper is to take the static (ie 
gravity) load exerted by a train through the wheel-
rail interface, multiply that load by a so-called 
“dynamic factor” and then multiply that by a factor 
which allows for the distribution of that load 
amongst several sleepers, together with 
allowances for variable ballast support.  The 
dynamic factor is intended to allow for the 
variations in wheel-rail force that arise from 
bouncing, rolling and yawing of the vehicle due to 
track roughness, wind, curving forces, and 
longitudinal dynamics of the train.  The well-known 
Eisenmann [9] approach usually ends up with a 
dynamic factor between 1.2 and 1.7.  The concrete 
sleeper design code AS1085.14 [1] requires a 
factor of 2.5 to be used, which is much larger than 
the Eisenmann values because it is intended to 
allow for high impact forces from occasional 
severe wheel or rail defects. 
Whichever factor or approach is used, they are all 
based on restrictive assumptions about vehicle 
and track characteristics, they all draw on limited 
data gleaned from a few freight and passenger 
lines, and all have included simplistic mathematical 
models to a greater or lesser extent.  Importantly, 
much of the research underlying these factors was 
undertaken 30 and more years ago. 
Over the past 10 to 15 years, a rich source of data 
has become available which enables track 
engineers for the first time to know the full range of 
actual wheel-rail forces their track is carrying.  
Many wheel impact detectors (WID) have been 
installed on heavy haul lines and they monitor the 
wheel-rail force from every wheel on every train.  
WID data is primarily used to detect seriously 
defected wheels so they can be removed and 
rectified before causing extensive damage to the 
track.  But the massive amounts of data produced 
by WIDs can also be used to determine 
distributions of the magnitude and frequency of 
occurrence of all the actual wheel-rail forces the 
track is carrying. 
Since 2005, annualised sets of data have been 
made available to the author from WID 
installations on a number of heavy haul lines in 
Australia [10].  This WID data contains both the 
static wheel-rail force (due to the effect of gravity 
on the vehicle) and the maximum wheel-rail force, 
from every wheel.  Subtracting the static force from 
the maximum force gives the “incremental impact 
force”, which is the component of the wheel-rail 
force that is due to dynamic action of the vehicle 
and to impact from wheel defects.  Figure 2 shows 
the resulting distributions of incremental impact 
forces for five sites, located in three different 
Australian states.  In Figure 2, incremental forces 
above about 100kN are due primarily to wheel 
defects such as wheel tread flats or out-of-round 
wheels.   
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The five sites are all heavy haul, have similar track 
structures, track maintenance standards, train 
speeds and traffic volumes, and carry either iron 
ore or coal.  The only differences relate to axle 
load, ranging from 25 TAL (site C1) to 35 TAL (site 
B), and to operational practices [10].   
 
Figure 2 : Impact Wheel-rail Forces on Heavy 
Haul Lines [10] 
In Figure 2, the greater the impact force, the less 
frequently it occurred.  This inverse relationship is 
also characteristic of natural phenomena such as 
earthquakes, cyclones, rain storms, etc. A Weibull 
function has been found to be the best fit for all 
such relationships [10, 11], as shown in Figure 2.   
 
Figure 3: Weibull Distributions of Incremental 
Wheel Impact Force Fitted to Fig.2 Curves [10] 
The curves in Figure 3 have been extrapolated to 
show what the distributions would look like if data 
was gathered for longer than 12 months, that is, to 
expose what the impact forces would be which 
might occur less frequently than once per year.   
For example, a value of 0.01 wheels/annum on the 
vertical axis in Figure 3 means that the 
corresponding impact force on the horizontal axis 
would be likely to occur only once every 100 years.   
The data in Figures 2 and 3 is able to tell track 
engineers much more than simply how big the 
impact forces are on their track. For example, the 
impact force occurring once a year has been 
extracted for each site and is presented in Table 1 
together with the corresponding nominal maximum 
static axle load for each site, and the resultant 
static+impact once-a-year wheel rail total force; 
the rows are in order of nominal static axle load. 
Site Static 
Axle 
Load, 
tonne 
Incremental 
Impact Force, 
Once Per 
Year, kN 
Static + Impact 
Once/year 
Wheel-rail 
Force, kN 
C1 25 340 465 
A1 28 390 525 
A2 28 310 445 
C2 30 300 445 
B 35 210 380 
Table 1 : Static and Impact Forces, All Sites 
Comparing the values in columns 2 and 4 in Table 
1 it is apparent that the trend is for the wheel-rail 
force to decrease as the axle load increases.  This 
is diametrically opposite to the near-universal 
belief that peak loads experienced by track always 
increase with axle load.  Murray [10] argued that 
Table 1’s “reverse” trend was due primarily to the 
quality of wheel-maintenance practices and the 
mix of traffic type, at the five sites. That argument 
is yet to be confirmed by others, but there is no 
doubt from Table 1 that simply multiplying the 
static wheel load by a factor is inadequate; there 
are clearly other important issues which are 
ignored by traditional methods of sleeper design. 
6 THE DESIGN LIMIT STATE OF STRENGTH 
Civil infrastructure such as buildings or bridges 
have to support their own weight, together with live 
(ie transient) loads, and randomly occurring loads 
from extreme events such as rare earthquakes or 
cyclones/hurricanes.  For such infrastructure the 
design loads are determined using a combination 
of effects as shown in Equation 3, which is based 
on load combinations found in AS1170.0 [12]: 
 S* = γG.SG + γQ.SQ + Su    (3) 
SG represents the actions caused by self-weight 
(ie dead load), SQ represents actions from 
transient forces (ie live loads), and Su the actions 
caused by a rare or extreme event. The terms γG 
and γQ are partial safety factors, sometimes called 
load factors.  For concrete sleepers, the self-
weight of the rails and sleepers are negligible 
compared to the forces exerted by passing trains, 
so the term γG.SG in Equation 3 can be ignored.   
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The term γQ.SQ in Equation 3 can be taken to 
represent the transient actions in the sleeper 
caused by the weight of a passing train.  Using the 
reliability factor approach outlined in AS5104 [8], 
Murray and Bian [13] showed that, for concrete 
sleepers, the load factor γQ = 1.1.  So, Equation 3 
can be reduced to: 
 S* = 1.1 SQ + Su    (4) 
For sleepers, the term Su in Equation 4 represents 
the actions caused by a rare impact event. The 
question is, how does one determine that event?  
Typically, the design life of concrete sleepers is 
nominated as 50 years.  One might therefore 
conclude that the maximum wheel-rail force for 
design purposes could be that which occurs once 
every 50 years; a 1:50 year event corresponds to 
0.02 wheels per annum in Figures 2 and 3.   
However, a 1:100 year wheel-rail impact event has 
a 50% chance of occurring during that 50 year 
lifespan, so should a 1:100 year event be included 
too? Likewise, a 1:500 year impact event has a 
10% chance of occurring during the sleeper’s life 
so should that also be included? What about a 
1:1000 year event?  Fortunately, to solve this 
dilemma there is a rational and widely accepted 
approach in the Australian code AS1170.0 [12].   
Firstly, the code has a table which allows one to 
allocate an item of infrastructure to one of four 
levels of importance based on the consequences 
of failure of the infrastructure.  The four levels are 
“Low”, “Ordinary”, “High” and “Exceptional”.  The 
code describes infrastructure in the High category 
as being “High consequence for loss of human life, 
or very great economic, social or environmental 
consequences”.  Although a derailment on heavy 
haul lines may result in the tragic loss of the 
driver’s life, that consequence does not put these 
lines into the High category.  However, derailments 
can easily result in shut down of a line with 
perhaps $10-20 million per day in lost revenue, 
and it has been argued that this consideration puts 
high revenue heavy haul lines into the High 
category of importance [14]. 
Having determined the importance level, one then 
progresses in the code to a table which lists 
acceptable probabilities of failure for each of the 
importance categories, based on the design life of 
the infrastructure.  The table indicates that High 
importance systems with a design life of 50 years 
should be able to withstand an event that occurs 
once in 1000 years.  This frequency of occurrence 
corresponds to a 5% probability of exceedance 
during the 50 year life span, which is a very 
reasonable level of risk for track owners to take on. 
Because of the criticality of the revenue stream 
from the sites in Figures 2 and 3, and because of 
the huge level of investment and the business-
critical consequences of failure of the track, all five 
WID sites fit into the High category of importance.   
The sleepers in such tracks almost always require 
a 50 year design life, so the impact event for which 
the sleepers would be designed is the 1:1000 year 
event which is the same as 0.001 wheels per year 
in Figure 3.  To illustrate, for site C1 the 
incremental impact force for 1:1000 year event in 
Figure 3 is 480kN.  The design wheel-rail force for 
site C1 which carried 25 TAL traffic, is then: 
 S* = 1.1 (0.5x25x9.81) + 480 = 615kN  (5) 
The corresponding 1:1000 year impact forces for 
all five sites are shown in Table 2, together with 
their design wheel-rail forces. 
Site Static 
Axle 
Load, 
tonne 
Incremental 
Impact Force 
Su, 1 in 1000 
Years, kN 
Design Wheel-
rail Force S* 
(from Equation 
4), kN 
C1 25 480 615 
A1 28 580 730 
A2 28 440 590 
C2 30 430 590 
B 35 380 570 
Table 2 : Design Wheel-rail Forces, All Sites 
The design wheel-rail forces in column 4 of Table 
2 could be used in a simplistic static elastic 
analysis, such as that in AS1085.14 [1], to 
determine the bending moments in the sleepers.  
However, dynamic analyses of the track system 
under the very short, 10ms duration impact forces 
[15] have identified how the effects of inertia and 
damping result in lower bending moments in 
sleepers than a static analysis would suggest.  
Whichever method of analysis is used, the sleeper 
moments resulting from the design wheel-rail force 
are denoted M*.  The size of the sleeper cross 
section and the amount and position of 
prestressing steel in the cross section would then 
need to satisfy the inequality in Equation 6 which is 
drawn from Equations 1 and 2.  Equation 6 is 
known as the limit state of strength in bending. 
 M* ≤ ϕ Mu  (6) 
Before one can apply Equation 6 to the design of 
sleepers, there is one final factor to be considered 
in determining the bending strength of a sleeper.  
Research [16] has shown that sleepers sustaining 
impact forces are at least 10% stronger than when 
carrying only static loads.  In this LSD method of 
sleeper design, the static bending strength Mu is 
multiplied by the factor ki = 1.1 to better reflect a 
sleeper’s true strength under impact events.  The 
final statement of the limit state of bending 
strength for sleepers is shown in Equation 7. 
 M* ≤ ki ϕ Mu  (7) 
Site B in Table 2 will be used as an example of 
how Equation 7 is applied to the check the limit 
state of strength of the standard gauge sleeper 
whose dimensions are shown in Figure 4. 
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Figure 4: Sleeper Rail Seat Cross Section 
Suitable for Site B, Table 2, Using LSD 
Principles 
The ultimate bending strength of this cross section 
is determined by the method of iterative strains 
and static equilibrium, described in Section 4 of 
this paper, to be Mu = 36.8kNm.  For this cross 
section and prestressing, ϕ = 0.8 [7], giving:  
 ki ϕ Mu = 1.1x0.8x36.8 = 32.4kNm (8) 
Using a computer model of track dynamics [17], 
the bending moment at the rail seat for site B in 
Table 2 is found to be M* = 30.7kNm.  Equation 9 
shows that the limit state of strength is satisfied: 
 30.7kNm (=M*) ≤ 32.4kNm (=ki ϕ Mu) (9) 
To ensure the sleeper is fully compliant, one would 
then go on to check the strength limit state for both 
positive and negative moments at both the rail seat 
and sleeper centre.   
If one used the safe stress design method of 
AS1085.14 [1] on this sleeper, the required rail 
seat cross section would be as shown in Figure 5. 
 
Figure 5: Sleeper Rail Seat Cross Section for 
Site B, Table 2, Using AS1085.14 [1] 
A comparison of Figures 4 and 5 highlights the 
savings in section size and in prestressing steel 
achieved through this new LSD method.  Recently, 
this method was used in the commercial design of 
sleepers for the new Roy Hill heavy haul ore line in 
Western Australia and the new Carmichael mine 
coal line in Queensland, saving up to 30% of the 
material costs of sleepers in both cases. 
7 ARE THERE OTHER DESIGN LIMIT 
STATES? 
Section 6 described how the new LSD method 
checks the strength limit state, which enables the 
designer to reduce the risk of outright failure to an 
acceptably small level.  But like other infra-
structure, railway track must also provide an 
appropriate level of service throughout the life of 
the system, without undue or obvious distress of 
the infrastructure.  For the track to achieve long 
term satisfactory service performance, there are 
three other limit states which the sleepers must 
satisfy. 
7.1. Limit State of Detriment to Operations 
This first of these additional limit states checks the 
probability that failed sleepers would have a 
significantly detrimental effect on train operations.  
In order to maintain full operations, sleepers must 
provide vertical, lateral, torsional and longitudinal 
support to the rails when a train passes and hold 
the track gauge within the specified tolerances.  
Long experience with timber sleeper track has 
shown that the abilities of support and gauge 
holding remain even when a sleeper is in quite a 
deteriorated state.  For a concrete sleeper to lose 
these abilities, it would have to have sustained 
very severe damage and multiple wide cracks 
such as shown in Figure 5 [15].   
 
Figure 5: Sleeper With No Gauge Holding [15] 
However, the effect of one ineffective sleeper on 
train operations is minimal, usually just a small 
speed restriction.  For operations to be significantly 
affected, there needs to be a cluster of, say, three 
adjacent sleepers in which all three are so badly 
damaged that support and gauge holding have 
been seriously compromised in all three sleepers.   
Now, research at the University of Wollongong [18] 
showed that there needs to be 10 sequential 
impacts of a force equal to the limit state of 
strength of a sleeper, before a sleeper would 
exhibit the level of damage in Figure 5.  Based on 
the discussion in Section 6 earlier, the probability 
of those 10 extreme impacts occurring during the 
period between, say, 3 monthly track inspections, 
is 1:40,000 (0.0025%) for a sleeper designed with 
a 1:1000 year impact event and 50 year life span.  
The chances of three adjacent sleepers being 
damaged that badly is [1:40,000]
3
, or just 1:10
14
.   
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AS5104 [8] suggests that a reasonable design 
target for the probability of a system not 
performing satisfactorily is 1:10
6
; that value has 
been adopted in the new LSD method for the limit 
state of detriment to operations.  Seeing as 
1:10
14
<<1:10
6
, then this limit state has been 
satisfied for the site B sleeper example. 
7.2. Limit State of Serviceability 
Three limit states of serviceability for concrete 
elements are defined in AS5104 [8], as follows, but 
only one is relevant for sleepers.  
a. Deformations which may affect use or 
appearance.  Flexural deformation of a 
concrete sleeper is very small because 
sleepers are very short, stiff beams; 
consequently the flexing of a bending sleeper 
will have little effect on track or trains. 
b. Vibrations which may cause discomfort.  
Vibrations up to 2kHz can occur in a sleeper 
when a train passes, but they are dampened 
by the ballast and rail pad so that little is 
transmitted upwards into the train to cause 
discomfort to the train’s passengers or freight.   
c. Cracking which may reduce working life.  
Cracks may indeed impair a sleeper’s 
performance if the cracks become too wide.   
In its specifications for proof and type testing of 
sleepers, the Australian code AS1085.14 [1] does 
not allow the appearance of cracks.  Indeed, the 
general principle applied to sleepers in track is that 
a cracked sleeper is a damaged sleeper and 
needs either replacement or careful monitoring.  
By contrast, one major Australian track owner 
requires maintenance action only if a sleeper is 
missing or if there is inadequate support of the rail, 
or fastenings are ineffective – cracking is not 
mentioned [19]. 
A long held maxim in structural engineering is that 
if cracks in concrete elements are less than 0.3mm 
in width, then the cracks are generally acceptable.  
Cracks of that width are visible to the naked eye at 
about 1.5m distance.  However, in the dirty 
environment to which sleepers are subjected, even 
that width can accumulate particulate matter which 
will prevent crack closure and even lead to 
progressive widening of the crack.  A crack width 
of 0.1mm would not be readily visible during track 
inspections and is narrow enough to hinder the 
accumulation of the typical particulates found in 
rail tracks; 0.1mm was adopted in this new LSD 
method for the limit state of serviceability. 
Extensive impact testing [20] found that cracking of 
sleepers under high impact force is far less 
extensive than under static loading.  A summary of 
the results from a typical example of that testing is 
shown in Table 3, in which the “static ultimate rail 
seat force” is the steady, non-impact force required 
to take the sleeper to its ultimate bending strength, 
that is, to failure. 
Rail seat total 
(static+impact) 
force as % of static 
ultimate rail seat 
force 
Cumulative damage to 
sleeper 
<45% 
Minor cracking, crack width 
≤0.02mm, not visible to 
naked eye. 
75% 
No more cracks, existing 
one ≤ 0.12mm width, just 
visible to naked eye.  
Sleeper static strength not 
diminished, sleeper fully 
useable in track. 
100% 
More cracks, clearly visible, 
up to 0.3mm width.  Minor 
spalling of concrete at rail 
seat.  Little other damage.  
Sleeper reusable in light 
axle load rail lines. 
155% Sleeper disintegrated 
Table 3 : Cracking of Sleepers Under Impact, 
Summarised From [20] 
Table 3 shows that under high impact, the total 
impact force had to be up to 75% of the static 
ultimate strength of the sleeper to produce cracks 
of around 0.1mm width.  Section 4 of this paper 
described how the ultimate static bending strength 
can be determined, so it is very simple to 
determine the wheel-rail force needed to produce 
75% of that moment in the sleeper.   
In this new LSD method, therefore, a sleeper can 
be considered to have failed the limit state of 
serviceability, if the force at the wheel-rail interface 
over the sleeper causes the moment in the sleeper 
to exceed 75% of the ultimate static failure 
moment just once in the lifetime of the sleeper. In 
structural design codes serviceability states are 
usually based on a once-in-the-lifetime event 
occurrence. 
To apply this limit state to the site B sleeper shown 
in Figure 4 earlier, firstly 75% of the ultimate 
bending strength Mu must be determined. In 
Section 6 Mu was found to be 36.8kNm (the data in 
Table 3 is based on actual static bending strength, 
not on design strength, so the ϕ factor does not 
apply here).  So, 0.75xMu=27.6kNm which would 
be the impact-caused moment which would lead to 
cracks of 0.1mm width.   
Using a computer dynamic model [17], it was 
found that a wheel-rail force of 521kN would be 
needed to cause a positive moment of 27.6kNm in 
the rail seat of the sleeper shown in Figure 4.  The 
static wheel-rail force for site B is 172kN (35 TAL), 
so the incremental impact force to cause a 0.1mm 
crack is 521-176=345kN.  Now, from Figure 3 it 
can be seen that the incremental impact force for 
site B which is likely to occur just once in 50 years 
(ie at a rate of 0.02 wheels/year) is 270kN.   
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Because 270kN<345kN it is very unlikely that 
cracks wider than 0.1mm will appear in the sleeper 
during its 50 year lifespan.  In other words, the limit 
state of serviceability has been satisfied.  As with 
the limit state of strength, one would need to check 
that this serviceability state is also satisfied for 
both positive and negative bending at both the rail 
seat and the sleeper centre. 
7.3. Limit State of Fatigue 
In heavy haul lines in Australia, concrete sleepers 
are regularly subjected to more than 1 million axle-
passes/annum, and more than 5 million/annum on 
the busiest lines.  Over a 50 year period that 
equates to totals of 50 million to 250 million axle 
passes. Clearly heavy haul sleepers are subjected 
to a high level of fatigue or cyclic loading, not 
unlike the fatigue loading experienced by 
prestressed concrete girders in bridges.   
In 1996, Rao and Frantz [21] provided a useful 
review of a wide range of fatigue tests in the USA 
on prestressed concrete bridge girders.  A 
summary of that review together with additional 
information from Hueste and Cuadros [22] is 
shown in Table 4.  A less extensive review in 2013 
of research on fatigue of concrete sleepers [23] did 
not add anything to the data in Table 4.   
Figure 6 presents the data from Table 4 in a 
graphical form, together with an additional point 
representing the stress of 2.5√f’c which is the 
stress notionally present at the ultimate bending 
strength, one cycle of which causes failure.  The 
resulting curve in Figure 6 has been adopted in 
this new LSD method as representing an envelope 
for the limit state of fatigue for sleepers.   
 
Figure 6: Data Plotted From Table 4. 
The limitations of Figure 6 are discussed below, 
but if the load cycle history of a sleeper plots as a 
curve below the envelope in Figure 6, then the 
sleeper is considered to have satisfied the limit 
state of fatigue.  To produce such a load cycle 
history plot, one needs to determine how many 
cycles a sleeper will be subjected to during its 
lifetime at a range of stress levels similar to those 
in Table 4. 
For the site B sleeper shown in Figure 4 earlier, 
the computer model in [17] was again applied, this 
time to determine the wheel-rail force required to 
induce in the cross section nominal tension 
stresses of 0, 0.25√f’c, 0.5√f’c, and 0.75√f’c.  Then, 
from Figure 3 the number of impact force cycles 
was determined for the cumulative wheel-rail 
forces between each of those wheel-rail force 
values.  The outcome is shown in Table 5 on the 
next page. 
 
 
 
 
Maximum nominal tension 
stress in girder cross section 
during cyclic fatigue loading * 
Number of 
cycles of load 
applied to 
girders 
Fatigue damage 
to girders 
Comment 
0 < stress < 0.25√f’c** Infinite cycles None 0.25√f’c is often recommend-
ed as a “fatigue stress limit” 
for uncracked girders. 
0.25√f’c < stress < 0.5√f’c** 1,500,000 Minor damage. Girders still retained full static 
bending strength. 
0.4√f’c** Maximum tension stress allowed in uncracked sleepers in service to 
avoid any fatigue (AS1085.14 [1]). 
stress = 0.5√f’c** 3,800,000 Some fatigue 
distress 
0.5√f’c is the maximum 
tension stress to resist fatigue 
as specified by AASHTO
#
 
stress = 0.5√f’c** 5,000,000 Any fatigue 
damage was not 
reported 
Girders still retained full static 
bending strength. 
stress = 0.75√f’c** 145,000 Prestressing 
strands ruptured 
 
** f’c is the 28 day characteristic strength of the concrete in the girders. 
#
 American Association of State Highway & Transportation Officials. 
Table 4 : Fatigue Performance of Prestressed Concrete Bridge Girders, Summarised From [21, 22] 
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Tension 
Stress 
Limit 
Incremental 
Impact 
Force to 
Achieve 
Stress, kN 
Number of 
Impacts in 
One Year 
Between 
Values in 
Column 2 
Number of 
Impacts in 
50 Year 
Design Life 
0 66 4.3x10
6
 220x10
6
 
0.25√f’c 118 15,000 0.75x10
6
 
0.5√f’c 169 900 45,000 
0.75√f’c 220 55 2,600 
2.5√f’c 523 - 1 
Table 5 : Fatigue Cycles for Sleeper in Figure 4 
The values shown in column 4 of Table 5 are 
plotted in Figure 7 as a dashed line for comparison 
with the envelope from Table 4 and Figure 6.  The 
dashed line is located below the envelope in 
Figure 7, showing that the sleeper satisfies the 
limit state of fatigue.  As with the other limit states, 
the positive and negative moment fatigue curves 
for both the rail seat and sleeper centre all need to 
be checked. Limit state of fatigue process as described in Tables 4 & 5 in "Limit States Design process 18Apr12.docx" document
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Figure 7: Data From Tables 4 & 5. 
Because of the manner of determining the points 
for the curves in Figure 7, the area under the 
curves can be considered to be a measure of the 
damage accumulated by a sleeper, in a manner 
somewhat akin to Miner’s rule [24].  However, it 
would be inappropriate to apply Miner’s rule or any 
other damage formula in using this form of fatigue 
limit state, because prestressed concrete sleepers 
do not yet have an established damage model for 
fatigue due to multiple impacts.  To establish such 
a model requires many long term expensive tests 
to failure under many millions of cycles.  The work 
that has been undertaken to date is as yet of 
limited value in establishing an equivalent to 
Miner’s rule for sleepers [15, 23, 24].   
8 CONCLUSIONS 
A comprehensive methodology has been 
presented for a new limit states (LSD) approach to 
the design of prestressed concrete sleepers for 
heavy haul railway lines.   
This method has saved clients up to 30% on the 
material costs of new sleepers when compared to 
the traditional safe-stress design approach 
adopted by AS1085.14 [1] and the AREMA 
Manual of Railway Engineering [2].  Four limit 
states have been proposed and applied in the 
paper as follows: 
 Limit state of strength. 
 Limit state of detriment to operations. 
 Limit state of serviceability. 
 Limit state of fatigue. 
The method is probabilistically based and utilises 
an established statistical model for determining 
design loads, which is based upon billions of 
measurements of real wheel-rail forces in heavy 
haul tracks. The method allows a designer of new 
sleepers to manage risk in accordance with sound 
engineering practice, to satisfy safety limits utilised 
in the design of all other civil infrastructure, and to 
match the broader risk profile under which the 
client operates.  The method applies the same 
considerations of safety and risk where one needs 
to re-rate the capacity of existing sleepers, 
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